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Abstract  
The thermodynamic and magnetic properties of the mixed spin (1/2-1) hexagonal Ising nanowire 
(HIN) system with core-shell structure have been presented by means of the effective-field theory 
(EFT) with correlations. The effects of the physical parameters of the system on thermodynmaic and 
magnetic properties (magnetizations, susceptibilities, internal energies, and free energies and 
hysteresis curves) are investigated for both ferromagnetic and antiferromagnetic case, in detail. One 
can find that when the temperature increases the hysteresis loop areas decrease and the hysteresis 
loops disappear at above critical temperature. Moreover, different hysteresis loop behaviors have 
been observed such as single, double and triple hysteresis loops in the system. In order to confirm 
the accuracy of the phase transition points, we also investigate the free energy of the system.  
 
Keywords: Hexagonal Ising nanowire; Effective-field theory; Thermodynamic properties; 
Hysteresis behaviors  
 
1. Introduction 
 
Recently, there is a continuously increasing interest in nanomaterials with core-shell structure owing 
to the fact that these materials have prospective applications in diverse field such as magnetic 
resonance imaging, cell and DNA separation, drug delivery [1], ultra-high density magnetic 
recording media [2-4], sensor [5], environmental remediation [6], nonlinear optics [7], bio-molecular 
motor [8] and permanent magnets [9]. Furthermore, nanomaterials have been studied within various 
model both experimentally and theoretically [10-22]. 
 
It is worth noting that thermodynamic and magnetic properties of nano materials have been 
investigated by using the Ising model and its variants. On the other hand, mixed spin Ising systems 
provide good models to investigate ferrimagnetism. One of the earliest, simplest and as well as most 
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extensively studied mixed spin Ising model is the spin-1/2 and spin-1 mixed system. This system 
has been studied by the mean-field approximation (MFA) [23–25], Monte Carlo simulation (MCs) 
[26, 27] and EFT [28–32]. Moreover, the mixed spin (1/2-1) Ising model has been investigated on 
the nanostructures within the framework of the EFT with correlations [33-35]. 
 
We should also mention that magnetic hysteresis behaviors have been one of the most important and 
interesting symbol of magnetism in materials. Especially, the hysteresis behaviors have been 
studying for nanomaterials from both the experimental and theoretical points of view. 
Experimentally, the hysteresis behaviors have been studied for the ferromagnetism in nanowires [36, 
37], in La2/3Sr1/3MnO3 nanoparticle assembled nanotubes [38] and for carbon nanotubes [39-42]. 
Theoretically, the hysteresis behaviors have been investigated the ferromagnetic single-walled 
nanotubes [43], nanomagnets [44] and noninteracting nanoparticles [45].  
 
Despite these studies, as far as we know, the thermodynamic and magnetic properties and hysteresis 
behaviors of mixed spin (1/2-1) HIN system have not been investigated. Therefore, in this paper, the 
effects of the physical parameters of the system on thermodynamic and magnetic properties and the 
hysteresis behaviors are studied for both ferromagnetic and antiferromagnetic case, in detail.    
 
The paper is organized as follows. In Section 2, the model and formalism of the EFT with 
correlations is presented briefly. The detailed numerical results and discussions are given in Section 
3. Finally, Section 4 is devoted to a summary and a brief conclusion. 
 
2. Model and formulation 
 
The Hamiltonian of the hexagonal Ising nanowire (HIN) includes nearest neighbors interactions and 
the crystal field is given as:  
 
2
i h
         S i j C m n 1 i m i mij mn im i i mHൌ‐J S S ‐J σ σ ‐J S σ ‐D S S σ    (1) 
 
 
where 1 2  /  and 1 0 S , . The  SJ , CJ  and 1J  are the exchange interaction parameters between 
the two nearest-neighbor magnetic particles at the shell surface, core and between shell surface and 
core, respectively (see Fig. 1). D is Hamiltonian parameter and stand for the single-ion anisotropy 
(i.e. crystal field). The surface exchange interaction  1S C SJ J   and interfacial coupling 
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1 Cr J / J  are often defined to clarify the effects of the surface and interfacial exchange interactions 
on the physical properties in the nanosystem, respectively. 
 
For the mixed spin (1/2-1) HIN system, within the framework of the EFT with correlations, one can 
easily find the magnetizations and the quadruple moment as coupled equations as follows: 
 
        S S 42Smm 1 m 1 2 sinh 2S S 1 0C 1 x1 =sinh J cosh J - cosh(J / )+2m ( ) x ,J / F         (2a) 
        2C 62SSm 2 sinh 2 1 m m 1C C C x=1 01cosh(J / )+2m ( J / ) sinh J cosh J x ,- G         (2b) 
        S S 42Smq 1 m 1 2 sinh 2S S 1 0C 2 x1 =sinh J cosh J - cosh(J / )+2m ( ) x ,J / F         (2c) 
 
where x    is the differential operator. The functions  x1F ,  x2F  and  xG  are defined as 
 
 1 2sinh[β(x+h)]F x = exp(-βD)+2cosh[β(x+h)]        (3a) 
 
 2 2cosh[β(x+h)]F x = exp(-βD)+2cosh[β(x+h)]        (3b) 
 
   1 1G x  = tanh β x + h
2 2
   
.        (3c) 
 
Here, B1 k T  , T is the absolute temperature and kB is the Boltzmann constant and it is selected 
as kB = 1.0 during the paper. By using the definitions of the order parameters in Eqs. (2a)-(2c), the 
total  TM  magnetizations of per site can be defined as  1 7 6T S CM / m m  .  
 
In order to obtained susceptibilities of the system, we differentiated magnetizations respect to h as 
following equation: 
 
0
m
hlim
 
   

            (4) 
 
where,  = C and S. By using of Eqs. (2) and (4), we can easily obtain the C  and S  suscebtibilites 
as follow: 
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 1
1 2 3C C S
F x
a a a
h
      ,       (5a) 
 
 2
1 2 3S S C
F x
b b b
h
      .       (5b) 
 
Here, ia  and ib  (i=1, 2 and 3) coefficients have complicated and long expressions, hence they will 
not give. The total susceptibilities of per site can be obtain via  T C Sχ 1/7 χ +6χ= .   
 
The internal energy of per site of the system can be calculated as 
 
     C Sm m C S SU E E h m m D q ,N 21                 (6) 
 
where,  
 
  
 
      
C
62
S
2
C C C
S 1 1 x 0
cosh(J / 2)+2m sinh(J / 2)
x 1 m sinh J cosh J -1
U
m G x h ,
  
 
 
    


   (7a) 
 
  
    
   
4
S S S
1
2
C 1
S S
1 x 0
U m
x
1 m sinh J cosh J -1
cosh(J / 2)+2m sinh(J / 2 .) F x h 
   

     



      (7b) 
 
The specific heat of the system can be obtained from the relation 
 
h
h
UC .
T
                   (8) 
 
The Helmholtz free energy of the system can be defined as: 
 
 F U TS             (9) 
 
in which, according to the third law of thermodynamics, it can be written in the form 
 
 
T
'
'
0
CF U T dT .
T
             (10) 
 
The second term at the right–hand side of Eq. (10) (the integral which appears) is the entropy of the 
system according to the second law of the thermodynamics. 
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3. Numerical results and discussions 
 
Some characteristic properties of the mixed spin (1/2-1) HIN system with core-shell structure have 
examined in this section. Throughout of the paper, CJ have selected as the unit of the system for 
calculations and it takes 1.0. The effects of the Hamiltonian parameters have studied on the 
thermodynamic and magnetic properties and hysteresis behaviors of the HIN system.  
 
3.1 Thermodynamic and magnetic properties 
 
The magnetizations, susceptibilities, internal energies and free energies of mixed spin (1/2-1) HIN 
system have presented in Figs. 2, 3 and 4. Figs. 2(a), 3(a) and 4(a) show the thermal variation of the 
magnetizations for r = 0.5, S = -0.5 and D = -1.0, r = -1.0, S = -0.5 and D = -1.0, and r = 0.5, S
= 1.0 and D = -4.0 values, respectively. In Figs. 2(a) and 3(a), the shell and total magnetizations 
decrease to zero continuously as the temperature increases; therefore, a second-order phase transition 
occurs at TC = 1.12 and 1.62, respectively. While the core magnetizations reduce to zero with grow 
up temperature in Fig. 2(a), it is increase to zero with temperature increase in Fig. 3(a). In Fig. 4(a), 
the core, shell and total magnetizations undergo a first-order phase transition at Tt = 1.78 along with 
increase of temperature. The transition is from the ferromagnetic phase to the paramagnetic phase 
in Fig. 2(a) and 4(a), and from the antiferromagnetic phase to the paramagnetic phase in Fig. 3(a).  
A few explanatory and interesting results of the core, shell and total susceptibilities are plotted in 
Figs. 2(b), 3(b) and 4(b) for the above-mentioned values. In Figs. 2(b) and 3(b), at zero temperature, 
the susceptibilities are equal to zero and with increase of temperature they are increase. As we clearly 
see from these figures, in the vicinity of the transition temperatures, the susceptibilities increase very 
rapidly and goes to infinity. Moreover, in the vicinity of Tt the susceptibilities rapidly increases for 
T < Tt and suddenly decreases for T > Tt in Fig. 4(b). The internal energies are obtained in Figs. 
2(c), 3(c) and 4(c) for aforementioned parameters values. From these figures, one can clearly know 
that the internal energy increases rapidly with the increasing of the temperature. We can see that 
core, shell and total energy curves have an inflexion point in which the derivative of the internal 
energy with respect to the temperature is discontinuous. While this point is correspond to a second-
order phase transition point for Figs. 2(c) and 3(c), it is illustrate the first-order phase transition point 
for Fig. 4(c). Figs. 2(d), 3(d) and 4(d) indicate the core, shell and total free energy behaviors for the 
above mention physical parameters. As known, entropy is not important at low temperatures and 
ground state energy correspond to the free energy of the system. But, along with the temperature 
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growing, in order to minimize its free energy the system wants to maximize its entropy. In this way, 
entropy becomes important. Moreover, at the critical temperature in Figs. 2(d) and 3(d), the free 
energy of the system is continuous. It means that the type of the phase transition is second-order 
phase transition. On the other hand, For Fig. 4(d), free energy curves stand for an inflexion that it 
corresponds a discontinuous behavior or a first-order transition. 
 
3.2 Hysteresis behaviors 
 
3.2.1 The influence of the temperature 
 
In order to investigate the effect of the temperature on the hysteresis behaviors of the HIN system, 
Fig. 5 is obtained for selected six typical temperature in the case of r = 0.5, S = 0.0 and D = 0.0 
fixed values. From Fig. 5 we can see that the magnetization curves are symmetric for both positive 
and negative values of the external magnetic field. We can also see that the hysteresis loops do not 
occur at temperatures above the transition temperature TC = 2.8 and the type of hysteresis loops 
becomes narrower as the temperature increases below the transition temperature. Similar behaviors 
of the hysteresis loops have been observed for nano systems within the EFT [46-50]. 
 
 3.2.2 The influence of the single-ion anisotropy, i.e. crystal field 
 
To better understand the effect of the crystal field on the hysteresis loops, we have plotted the 
magnetization curves versus the applied field h for T = 0.5, r = 0.5 and ΔS = 0.0, and for different 
values of the crystal field (D = 0.0, –1.0, –2.0, –3.0 and –4.0) as seen in Fig. 6.  At first, we can see 
that there is only one hysteresis loop in Fig. 6(a) for D = 0.0. With decreasing of the crystal field, 
hysteresis loop area is narrowing. This fact is clearly seen in Fig. 6(b) and 6(c). As from D = -2.25 
value, the single loop start turn to the double loop and to clearly see double loop we plotted 
magnetizations curves for D = -3.0.  As we clearly see from Figs. 6(d) and 6(e), while the crystal 
field decreases, the hysteresis loops are diverge from each other for a particular range value of the 
external magnetic field.  
 
3.2.3 The influence of the ferromagnetic and antiferromagnetic interfacial coupling 
 
In this part, our investigations will be ferromagnetic and antiferromagnetic. Hence, r> 0 (positive 
core-shell coupling) and r<0 (negative core-shell coupling) correspond to the ferromagnetic and 
antiferromagnetic interfacial couplings, respectively. In Fig. 7, we show the dependence of the 
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hysteresis loops of the HIN system at T = 0.2, D = 0.0 for S = 0.0, and for various values of interface 
coupling constant (r = 0.01, 0.25 and 1.0) on the ferromagnetic case. We can see that when the 
ferromagnetic coupling constant is small, the hysteresis consists two loops as seen in Fig. 7(a). One 
can see that with the r increases, the hysteresis behavior changes from two loops to one loop and the 
hysteresis loop area is decreasing. This fact is clearly see from the Figs. 7 (b) and (c). Moreover, the 
behaviors of the hysteresis loops for antiferromagnetic case is similar to for ferromagnetic case. For 
instance, the hysteresis consist two loops for r = -0.01 and with the decrease of the r, two loops start 
turn to the single loop as seen in Figs. 8 (c) and (d). 
 
4. Summary and Conclusions 
 
In this paper, we have studied the thermodynamic and magnetic properties (magnetizations, 
susceptibilities, internal energies and free energies) and hysteresis behaviors of the mixed spin (1/2-
1) hexagonal Ising nanowire (HIN) system by using the framework effective-field theory with 
correlations. It has been shown that the system undergoes a second- and first-order phase transition 
as depending on the physical parameters of the system. The free energy of the system have 
investigated to confirm the accuracy of the phase transition points.  Our results show that when the 
temperature increases the hysteresis loop areas decrease and the hysteresis loops disappear at above 
critical temperature. Moreover, different hysteresis loop behaviors have been observed such as 
single, double and triple hysteresis loops in the system. Finally, we hope that the study of HIN system 
may open a new ferrimagnetism as well as new field in the research of magnetism and present work 
will be potentially helpful for studying higher spins and more complicated nanowire systems.  
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List of the figure captions 
 
Fig. 1. (Color Online) The schematic representation of a hexagonal Ising nanowire. The blue and 
red spheres indicate magnetic atoms at the surface shell and core, respectively. 
 
Fig. 2. (Color Online) The effects of the physical parameters of the mixed spin (1/2-1) HIN system 
on: (a) magnetizations, (b) susceptibilities, (c) internal energies and (d) free energies for r = 
0.5, = S = -0.5 and D= -1.0 values.  
 
Fig. 3. (Color Online) Same as with Fig. 2, but for r = -1.0, = S = -0.5 and D= -1.0 values. 
 
Fig. 4. (Color Online) Same as with Fig. 2, but for r = 0.5, = S = 1.0 and D= -4.0 values. 
 
Fig. 5. (Color Online) The effects of the temperature on the hysteresis behaviors for r = 0.5, S = 0.0 
and D = 0.0 fixed values and T = 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0.  
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Fig. 6. (Color Online) The effects of the crystal field on the hysteresis loops for T = 0.5, r = 0.5 and 
ΔS = 0.0 fixed values, and for (a) D = 0.0, (b) D = -1.0, (c) D = -2.0, (d) D = -3.0 and (e) D 
= -4.0. 
 
Fig. 7. (Color Online) The effects of the ferromagnetic interface coupling on the hysteresis loops for 
T = 0.2, D = 0.0 and S = 0.0 fixed values, and for (a) r = 0.01, (b) r = 0.25 and (c) r = 1.0. 
 
Fig. 8. (Color Online) The effects of the antiferromagnetic interface coupling on the hysteresis loops 
for T = 0.2, D = 0.0 and S = 0.0 fixed values, and for (a) r = -0.01, (b) r = -0.25, (c) r = -0.5 
and (d) -0.75. 
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